[1] Eddies influence the surface heat budget both by modifying the surface heat flux and by the lateral transfer of heat within the surface mixed layer. It is shown that the presence of eddies modifies the surface heat flux in a model of the northwest Atlantic Ocean by more than 100 W m À2 over the Gulf Stream system. The diffusive effect of eddies is then illustrated by comparing two model runs, in the second of which the surface heat flux acts only on large spatial scales and interaction with the mesoscale eddies is suppressed. This second run exhibits finer-scale structure and tighter thermal fronts than in the fully interactive run. Finally, we estimate the surface eddy diffusivity associated with surface thermal damping from the fully interactive run. The estimated diffusivity takes large values (more than 10 3 m 2 s
Introduction
[2] Most state-of-the-art ocean/climate models use the parameterization of Gent and McWilliams [1990] (hereafter GM) to parameterize the role of eddies in the large-scale ocean circulation and ocean tracer transport. The GM parameterization assumes the tracer fluxes associated with eddies are completely adiabatic. However, eddies can be strongly modified in the surface mixed layer by interaction with the atmosphere, leading to irreversible mixing and water mass conversion [e.g., Tandon and Garrett, 1996; Treguier et al., 1997; Zhai and Greatbatch, 2006] , with the implication that eddy fluxes also have a diffusive effect that needs to be taken into account in ocean/climate models. Furthermore, R. J. Greatbatch et al. ( Closing the ocean heat budget, submitted to Geophysical Research Letters, 2006) (hereinafter referred to as Greatbatch et al., submitted manuscript, 2006) have argued that the diffusive effect of eddies, especially in the surface mixed layer, plays an important role in the global ocean heat balance. However, studies of the diffusive effect of eddies are still quite limited, though some efforts have been spent on drifter data [e.g., Zurbas and Oh, 2004] and satellite products [e.g., Holloway, 1986; Stammer, 1998; Marshall et al., 2006; Zhai and Greatbatch, 2006 ; R. Ferrari and J. C. McWilliams, Parameterization of eddy fluxes near oceanic boundaries, submitted to Ocean Modelling, 2006] . Furthermore, it is only recently [Eden et al., 2006 ] that a firm theoretical basis for decomposing eddy tracer fluxes into advective, diffusive and rotational parts has been proposed. Eden et al. [2006] generalise the seminal work of Marshall and Shutts [1981] to show how, in the completely general situation of inhomogeneous turbulence, it is possible to choose the rotational component of the flux to ensure that the diffusive part is associated, in statistically steady state, with the irreversible removal of eddy variance, and hence can be expected to be down the mean tracer gradient. (Note that the rotational flux has no divergence and so does not appear explicitly in the mean tracer budget, but it does appear in the eddy variance equation. In the theory of Eden et al. [2006] , the rotational flux absorbs the advection of variance term that appears in the eddy variance equation). In this letter, we illustrate the diffusive effect of eddies by comparing two sets of model runs, in one of which the dissipation of eddy variance is suppressed by experimental design. We also use our model set-up to illustrate the large impact eddies can have on the surface heat loss to the atmosphere over the Gulf Stream system.
Ocean Model and Method

Model Description
[3] The model is the same as the northwest Atlantic Ocean model described in work by Greatbatch and Zhai [2006] . The model domain spans the area between 30°W and 76°W and 35°N and 66°N with a horizontal resolution at each latitude of 1/5°in longitude. There are 31 unevenly spaced z levels. The model is initialized with January mean temperature and salinity fields and forced by 12-hourly NCEP wind stress starting at the beginning of January 1990. The net heat flux through the sea surface (H) is the sum of the climatological surface heat flux (H clim ), taken from da Silva et al. [1994] , and a restoring term (H res ) as in work by Sheng et al. [2001] , where H res = b(SST clim À SST model ). SST clim is the interpolated monthly mean climatological sea surface temperature (SST), SST model the modeled SST, and b is the coupling coefficient with value 31 W m À2 K À1 . The sea surface salinity in the model is restored to the monthly mean climatology on a time scale of 15 days, but different from Greatbatch and Zhai [2006] , only on large spatial scales (larger than 300 km), in order to reduce the damping of the eddies due to the surface boundary condition (note that precipitation does not fall preferentially on the saltier eddies, nor does evaporation occur more frequently over the fresher eddies). Along the model's open boundaries, temperature and salinity are restored to climatology and the transport is specified as described by Sheng et al. [2001] .
The Semi-Diagnostic Method (SDM)
[4] All the model runs here use the SDM introduced by Zhai et al. [2004] . The SDM is a special case of the semiprognostic method in which, on large spatial scales, the density variable in the model's hydrostatic equation is an input density field (in our case computed from the climatological data of Geshelin et al. [1999] ), whereas on the mesoscale, the corresponding density variable is the model density. In this way, the large scale flow in the model is strongly constrained, while the mesoscale is completely free, ensuring a rich eddy field. It is also possible to carry out a diagnostic model run in which the specified density field in the model's hydrostatic equation is the same as the large scale density field seen by the semidiagnostic model run. The difference between the semidiagnostic model run and the corresponding diagnostic model run is then entirely attributable to the eddies present in the semi-diagnostic run but missing from the diagnostic model run. Readers are referred to Zhai et al. [2004] for details. Use of the SDM eliminates the common problems of Gulf Stream overshooting and the disappearance of the northwest corner in models [Willebrand et al., 2001 ]. Here we carry out a companion diagnostic model run to show the role of eddies in driving the surface heat flux.
Experiment Design
[5] Following Eden et al. [2006] , the equation for the timeaveraged (annual mean) potential temperature, T , is
where an overbar denotes a time average, u Ã is the ''residual'' velocity (the sum of the Eulerian mean and the eddy-induced transport velocity; see Gent et al. [1995] ), Q is the total instantaneous thermal forcing, and K e is the diabatic diffusivity associated with the eddies given, in statistically steady state, by
In (2), the operator D( ) = r Á r T jr Tj À2 ðÞ , f n is the higher order variance (f n = T 0n n ), and a prime denotes departure from the time average. It should be noted that the advective effect of the eddies is contained entirely in u Ã , and that the diffusive effect of the eddies is contained in K e , the diffusivity of heat associated with the eddies and which is the focus of our paper. The irreversible removal of eddy variance is associated with the Q 0 T 0 term in (2), while the higher order terms arise from the inhomogeneity of the eddy field and here are neglected. In this study, we consider only the contribution to the heating, Q, that is associated with the surface heat flux, H acting on the surface mixed layer (the relationship between Q and H is discussed further later). Neglecting the higher order terms, (1) then reduces to
where the term on the right hand side of the equation is now the dissipation of variance associated with the surface heat flux. Based on the theory, two semi-diagnostic model runs are conducted with the difference only in the way of dealing with the surface heat flux. The control run (TOTAL) is forced by the total net surface heat flux as described in the previous subsection. The SMOOTH run is forced by the same formulation for surface heat flux except that it acts only on large spatial scales, i.e.,
where the filter, denoted by an overbar, passes horizontal scales larger than a specified cut-off scale (here 300 km). By this design, the dissipation of mesoscale eddy variance by surface damping (associated with ÀQ 0 T 0 in (2)) is strongly suppressed in SMOOTH. A complication arises because of the seasonal cycle in the surface heat flux seen by the model. Using (2), the seasonal cycle generates a negative diffusivity because surface temperature and surface heat flux associated with seasonal forcing alone exhibit a positive correlation [see Gill and Turner, 1976 , Figure 1 ]. In order to avoid contamination from the seasonal cycle in our estimate of the surface eddy diffusivity of heat, we therefore conduct another two model runs (TOTAL m and SMOOTH m ) forced by the annual-mean forcing only.
Results
[6] To begin, we first examine the net role of eddies in determining the annual mean surface heat flux in the model run with seasonally varying forcing (Figure 1 ). Since the climatological surface heat flux is identical in the semidiagnostic and diagnostic models, the difference comes from the restoring term which relies on the difference between the modeled and climatological SST. The diagnostic model gains a lot of heat through the restoring term over the Gulf Stream and in the northwest corner east of Newfoundland because its SST is colder than the climatology. The situation is greatly improved in the semi-diagnostic model. The main role of eddies in the semi-diagnostic model is to increase heat loss along the Gulf Stream and in the northwest corner (over 100 W m À2 on average). There is also a significant impact on the surface heat flux over the eastern Canadian shelf, including the Labrador Shelf. The impact of eddies arises partly from the changes to the mean flow discussed by Zhai et al. [2004] , but also from the diffusive effect we discuss next.
[7] To illustrate the diffusive effect, we compare the model runs TOTAL and SMOOTH, also with seasonal forcing. Recall that the mesoscale thermal damping, which according to (2) determines the surface eddy diffusivity of heat, is suppressed by design in SMOOTH compared to TOTAL. Therefore, we expect to see tighter SST gradients in SMOOTH compared to TOTAL. The 3rd-year annual mean SSTs in the two model runs are shown in Figure 2 . The largescale patterns of SSTs are very much the same in the two models and compare well with the climatology (not shown). However, we do observe more fine-scale structure and tighter SST gradients in SMOOTH, e.g., the cold tongue associated with the Labrador Current flowing along the shelf break around the Grand Banks of Newfoundland, and the thermal fronts south of Nova Scotia and southeast of Newfoundland associated with the Gulf Stream and the North Atlantic Current. The difference between Figures 2a and 2b is shown in Figure 3a and is consistent with the idea that an increased lateral diffusion of heat is operating in TOTAL compared to SMOOTH. It is particularly striking how in TOTAL, the SST is consistently colder (warmer) on the offshore, i.e. warm, (inshore, i.e. cold) side of the Gulf Stream, North Atlantic Current and Labrador Current, indicating that heat is being more efficiently exchanged across the thermal fronts associated with these currents in TOTAL than in SMOOTH. We recall that the only difference between TOTAL and SMOOTH is that in TOTAL, the surface heat flux acts on all spatial scales, and is an effective damping of the eddies, whereas in SMOOTH the surface heat flux acts only on large spatial scales, and is much less effective at damping the eddies. It follows that the more efficient heat exchange in TOTAL is a consequence of the thermal dissipation of the eddies that is present in TOTAL, but suppressed (by design) in SMOOTH. The model runs with the annual-mean forcing yield similar results (see Figure 3b ) and we now turn to these runs to estimate the diffusivity using equation (3).
[8] Since TOTAL m has annual mean forcing, the fluctuations in surface heat flux, H . Both are plotted on a log scale with base 10.
also the indication of significant eddy activity further north, in the Labrador Sea. Figure 4b shows K e estimated using equation (3) assuming that the surface heat flux acts on a uniform mixed layer depth of 50 m. K e is positive everywhere, with values of more than 10 3 m 2 s À1 south of the Gulf Stream and North Atlantic Current, and in the range 10 2 -10 3 m 2 s À1 within those current systems themselves. The pattern and magnitude of the estimated surface eddy diffusivity agree well with that inferred from satellite data by Zhai and Greatbatch [2006] . The rough similarity between the distributions of K e and eddy kinetic energy (EKE) also provides some justification for using EKE as an index to parameterize the eddy diffusivity [Stammer, 1998] , an issue to be explored further elsewhere. An attempt to take account of the contribution to the total heating Q from entrainment and mixing (i.e. taking account of the fact the mixed layer depth is, in reality, variable) shows a very noisy field, indicating that very much longer model runs (beyond our current capability) are required to obtain stable statistics on this contribution. Nevertheless, the general agreement between the diffusivity shown in Figure 4a , and the diffusivity derived from satellite data by Zhai and Greatbatch [2006] (which includes the entrainment effect) suggests that our estimate using a fixed mixed layer depth is representative. Finally we note that since the diffusivity given by equations (2) and (3) clearly depends on the dissipation time scale, and since this dissipation time scale will be different for different tracers (e.g. salinity versus temperature), it is a prediction of the theory that the eddy-induced diffusivity will depend on the dissipation characteristics of individual tracers, and is therefore likely to be tracer dependent (see also the discussion in work by Plumb and Mahlman [1987] ).
[9] Finally, the contribution of the diffusive effect of the eddies to the eddy-induced surface heat flux shown in Figure 1 can be estimated by subtracting the surface heat flux in SMOOTH from that in TOTAL. Since the contribution comes entirely from the restoring term, the spatial pattern is the negative of that shown in Figure 3a , and is not shown here. We note, however, the amplitude reaches as much as 80 W m À2 locally near the Gulf Stream. It follows that while the diffusive effect does not dominate the difference shown in Figure 1 , it can, locally, make a significant contribution and cannot be ignored.
Summary and Discussion
[10] Most state-of-the-art ocean/climate models use the parameterization of Gent and McWilliams [1990] (hereafter GM) to mimic the role of eddies in determining the large-scale circulation and its tracer transport. The GM parameterization assumes the effect of eddies to be completely adiabatic since the mechanism generating the eddies (baroclinic instability) is an intrinsically adiabatic process. However, eddies generated by the instability process can be strongly modified in the surface mixed layer by interaction with the atmosphere, or weakly modified in the ocean interior by microstructure mixing, leading to irreversible mixing and an associated eddy-induced diffusivity. Here we focus on the surface mixed layer, where the ocean has contact with the atmosphere, and the eddy-induced diffusivity is strongly enhanced by air-sea interaction processes [Tandon and Garrett, 1996; Treguier et al., 1997] .
[11] To illustrate the diffusive effect of eddies, we described two model runs, one (TOTAL) in which the surface heat flux is applied at all spatial scales, one (SMOOTH) in which the surface heat flux acts only on large spatial scales. By this design, damping of the eddy SST variance by the surface heat flux, and which basically sets the surface eddy diffusivity (see (2) and (3)), is present in TOTAL but suppressed in SMOOTH. As such, we observe finer-scale structures and tighter thermal fronts in SMOOTH, due to the suppression of the diffusive eddy effect. To avoid the complication associated with the seasonal cycle, the surface eddy diffusivity for heat, K e , is estimated from a model run with annual mean forcing only. The estimated K e is positive everywhere in the study area with values of more than 10 3 m 2 s À1 south of the Gulf Stream and North Atlantic Current, and in the range 10 2 -10 3 m 2 s À1 within those current systems themselves. The coincidence of regions of high EKE and large K e also provides some justification for using EKE as a proxy to parameterize K e [e.g., Stammer, 1998 ]. To diagnose K e we did not take account of variations in mixed layer depth. An attempt to do so suggests that a very long model run would be required to obtain a stable estimate, and is beyond the scope of the present study. However, since our estimate has similar magnitude and spatial pattern to the diffusivity inferred from satellite data , we believe our estimate to be realistic (a topic for future research). We recommend that coarse-resolution climate models, which do not resolve mesoscale eddies, need to incorporate the surface eddy diffusion effect, since this is almost certainly important to obtain the correct water mass formation rate [Marshall, 1997] and for balancing the heat budget (Greatbatch et al., submitted manuscript, 2006 ). Finally we note that it is a prediction of the theory that the eddy-induced diffusivity for different tracers (e.g. salinity, carbon or CFC) depends on the dissipation characteristics for those tracers and is unlikely to be the same as that for heat [see also Plumb and Mahlman, 1987] , another topic to be explored in future work.
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